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ABSTRACT 


The  research  conducted  under  this  contract  was  concerned 
primarily  with  IIF  and  VII F  ob  1  iqucbackscatte  r  observations, 
made  at  Plum  Island  MA ,  56  N  invariant,  over  nearly  half 
a  solar  cycle.  The  backscatter  analysis  was  performed  in 
two  parts.  The  first  part  was  concerned  with  the  field- 
aliened  irregularities  in  the  E-layer  and  their  association 
with  the  ground  backscatter  echo  which  are  propagated  via 
sporadic  E  (Es)  reflection.  It  was  found  that  under  quiet 
magnetic  conditions  the  field-aligned  echo  from  E-layer 
heights  (FAE (E) ) displ ays  a  summer  evening  maximum  in  con¬ 
junction  with  the  ground  Es  echo.  The  second  part  of  the 
study  was  concerned  with  the  occurrence  characteristics  of 
the  field-aligned  irregularities  in  the  F-layer  and  their 
relationship,  if  any,  to  the  backscatter  signal  propagating 
via  the  F-layer  (IF  echo).  It  was  found  that  the  field- 
aligned  echo  from  the  F-layer  (FAE(F))  was  primarily  a  sunset 
phenomenon/showing  strong  solar  cycle  dependence  during  quiet 
times,  increasing  monatonical ly  with  the  magnetic  index  until 
a  certain  threshold  value  was  reached  (KFt  ■  4)  and  decreasing 
beyond  that  value.  The  IF  echo  was  found  to  be  unaffected  by 
the  presence  of  eithei  FAE(F)  or  E$  clouds,  but  was  found  to 
be  very  sensitive  function  of  the  F-region  parameters.  Ray 
tracings  through  model  ionospheres  were  used  to  confirm  these 
hypotheses. 

Finally,  the  occurrence  patterns  of  scintillations  of  signals 
from  the  geostationary  satellite  ATS-3  at. 137  MHz  during 
magnetic  storms  was  investigated.  It  was  found  that  at 
Narssarssuaq  the  stormtime  scintillations  showed  strong 
seasonal  patterns  whereas  at  Hamilton,  where  a  delayed  effect 
was  observed,  the  seasonal  aspect  was  not  so  marked.  The 
behavior  of  the  various  auroral  electrojet  indices  during  the 
magnetic  storms  which  occurred  in  1970  were  also  studied. 
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Seasonal  Patterns  of  Auroral  and  Midlatitude 
Geostationary  Satellite  Scintillations  during  Magnetic  Storms. 

Recent  analysis  of  amplitude  records  of  the  137  MHz  signal 
from  ATS-3  as  observed  from  Narssarssuaq,  Greenland  (invariant 
latitude  of  the  sub-ionospheric  point  referred  to  a  height  of  300 
km  being  6^°JJ)  has  shov/n  a  very  consistent  seasonal  pattern  of 
scintillations  in  addition  to  diurnal  and  magnetic  dependence 
(Aarons  et  al.t  1972).  Sufficient  data  (September  1968  to  March 
1972)  has  been  accumulated  at  Narssarssuaq  to  Justify  a  statis¬ 
tical  study  of  the  seasonal  patterns  of  amplitude  scintillation 
during  magnetic  storms. 

The  particular  magnetic  storms  which  were  chosen  for  this 
analysis  were  those  which  had  a  sudden  storm  commencement  (SSC) 
and  were  reported  by  at  least  eight  or  more  observatories  as  listed 
in  the  Solar  Geophysical  Data  Books,  Aeronomy  and  Space  Data  Center, 
Boulder,  Colorado.  Moreover,  since  the  diurnal  pattern  as  well 
as  the  stormtime  behavior  were  also  of  interest,  a  program  of 
analysis  similar  to  that  used  by  Mendillo  (1971)  was  utilised  for 
the  study.  It  was  found  that  thirty-two  storms  during  the  three 
and  a  half  year  period  met  all  the  above  requirements. 

A  similar  study  of  the  Sagamore  Hill  ATS-3  scintillation  data 
was  also  undertaken  to  determine  seasonal  patterns,  if  any,  in 
the  midlatitude  ionosphere.  The  observation  period  for  the 
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Sagamore  liill  Radio  Observatory  data  was  from  November  1967  to 
March  197*7.  In  this  case  thirty-nine  storms  were  found  which  met 
all  the  requirements  outlined  in  the  previous  paragraph. 

The  quiet  median  seasonal  patterns  for  both  stations  were 
established  by  taking  all  the  data  in  each  season  which  corre¬ 
sponded  to  a  planetary  magnetic  index  of  Kp  *»  0  or  1  and  then 
determining  the  diurnal  distribution  of  such  data.  As  the  two 
equinoxes  showed  similar  behavior  (Aarons  et  al.,  1972)  it  was 
decided  to  divide  th;  year  into  three  seasons,  namely  the  summer 
(May  through  August),  equinoxes  (September,  October,  March  and 
April),  and  winter  ('November  through  February). 

Results  for  Narssarsouaq 

The  seasonal  beiavior  of  scintillations  during  storms  and 
quiet  periods  are  shown  in  Figures  1  through  3.  Figures  1  and  2, 
which  show,  respectively,  the  summer  and  equinox  behaviors,  are 
somewhat  similar.  During  quiet  periods  (Kp=0,l)  in  both  seasons 
there  is  a  deep  minimum  during  the  daytime  and  a  maximum  at  0100 
UT  (2200  LMT)  when  the  median  scintillation  indices  reach  a  value 
as  high  as  80  per  cent.  The  effect  of  storms  during  these  two 
seasons  seems  to  be  a  marked  Increase  of  the  daytime  scintillations 
on  the  day  of  SSC.  On  the  day  after  SSC  (marked  SD2)  nighttime 
scintillations  are  higher  than  during  the  quiet  periods.  Also  the 
daytime  scintillation  level  is  somewhat  higher  than  the  quiet  day 
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but  lower  than  the  oicurrence  on  SSC  day.  The  second  and  third 
days  after  SSC  day  (labelled  SD3  and  SD4)  show  a  scintillation 
behavior  similar  to  the  quiet  day  pattern.  It  is  to  be  pointed 
out  that  the  median  quiet  day  pattern  was  obtained  for  one  com¬ 
plete  day  in  each  season  and  the  same  pattern  was  repeated  on  the 
three  succeeding  days  for  comparison  purposes. 

The  winter  behavior  shown  in  Figure  3  is  entirely  different 
from  the  ones  presented  in  the  two  previous  diagrams.  The  di¬ 
urnal  pattern  during  auiet  days  does  not  show  a  marked  day  to  nigh4, 
variation.  The  daytime  level  is  similar  to  the  other  seasons  but 
the  night  to  day  indix  ratio  is  only  2:1  as  compared  to  Figures  .1 
and  2  where  this  same  ratio  is  7:1.  The  median  stormtime  behavior 
in  spite  of  the  scatter  shows  a  similar  night  to  day  ratio  of  2:1 
where  now  the  daytime  values  are  around  50  per  cent.  The  storm 
effect  seems  to  persist  well  into  the  third  and  fourth  days  and 
this  is  also  unlike  the  behavior  in  the  other  two  seasons.  Thus 
these  three  figures  show  a  rather  definite  seasonal  variation  of 
both  the  quiet  and  disturbed  day  scintillation  pattern. 

Results  for  Hamilton 

Three  similar  diagrams  for  Hamilton  are  presented  in  Flgur. 

4  through  6.  There  is  very  little  scintillations  during  quiet 
periods  in  any  season  with  the  median  summer  pattern  showing  no 
scintillation  during  the  entire  24  hour  period.  The  effect  of  the 


magnetic  storms  Is  to  Increase  the  nighttime  scintillations  in 
all  seasons.  The  effect  seems  to  be  most  marked  in  summer  when 
scintillations  as  high  as  503  are  observed  during  the  night.  The 
other  rather  interesting  feature  of  the  scintillations  during 
storms  at  Hamilton  seems  to  be  the  delayed  onset  —  the  percen- 

0 

tage  occurrence  is  greater  during  the  second  night  after  SSC 
rather  than  during  the  night  of  the  actual  SSC  date.  This  fea¬ 
ture  is  different  from  that  observed  at  Narssarssuaq  where  there 
is  a  gradual  tapering  off  of  the  storm  effect. 

Further  studies  utilising  the  various  auroral  electrojet 
indices  AE ,  AL,  and  AU  as  defined  by.  Davis  and  Sugiura  (1966)  are 
being  made  to  determine  possible  causes  for  determining  stormtime 
and  seasonal  patterns  of  scintillation. 
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ABSTRACT 


The  aim  of  this  study  was  to  determine  the  effects  of  direct 
scatter  from  field  aligned  E-  and  F-layer  irregularities,  FAE(E) 
and  FAE(F)  respectively,  as  well  as  scatter  from  intense  Es 
clouds  on  the  19.4  MHz  oblique  backscatter  signal  propagating 
via  the  F  layer  (IF  echo).  It  was  found  that  the  direct  scatter 
from  field  aligned  irregularities  was  weak  in  nature  so  that  the 
IF  echo  remained  unaffected.  In  fact  the  presence  of  the  IF 
echo  was  often  required  to  produce  FAE(F).  The  E$  clouds  which 
were  frequently  observed  during  the  summer  were  also  found  to 
be  non-blanketing  so  the  Es  reflected  echo  and  the  IF  echo  could 
exist  simultaneously.  However,  it  was  found  that  the  IF  echo 
was  a  very  sensitive  function  of  F-region  parameters  and  was 
thus  affected  by  both  the  seasonal  and  evening  anomalies  in  F2 
ionization  at  these  latitude?.  In  addition,  the  changing  magnetic 
declination  to  the  east  and  west  of  the  station  was  responsible 
for  an  asymmetry  in  the  percentage  of  the  time  that  the  IF  echo 
was  observed  by  the  radar  in  these  general  directions. 

Finally,  the  observed  occurrence  statistics  of  FAE(E)  and 
FAE(F)  presented  in  Scientific  Report  No.  1  arc  discussed  in 
the  context  of  current  theories  for  the  formation  of  these 
i rregul ari tics. 
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1.  INTRODUCTION 


The  object  of  this  study  was  to  determine  the  effect  of  the 
sub-auroral  ionosphere  on  the  propagation  of  ilF  signals.  The 
results  of  an  earlier  study  (Basu  and  Vesprini,  1972,  hereafter 
to  be  referred  to  as  Report  1)  have  shown  that  the  ionosphere 
at  these  latitudes  is  far  from  uniform  with  field  aligned 
electron  density  irregularities  existing  in  the  E  and  F  region 
for  a  fair  percentage  of  the  time.  Thus,  scattering  by  these 
field  aligned  irregularities  may  cause  a  diminution  or  cut-off 
of  the  F-rcgion  propagated  IlF  signal.  Reflection  from  intense 
mid-latitude  sporadic  E  nay  also  have  a  blanketing  effect  on 
IlF  propagation.  Both  these  factors  are  considered  in  this 
study.  In  addition  to  magnetic  storm  effects  the  quiet  time 
F  region  itself  is  known  to  exhibit  various  anomalies  such  as 
the  evening  anomaly  and  seasonal  anomaly  in  the  peak  electron 
concentration  of  the  F2  layer.  We  have  attempted  to  study  the 
effects  of  these  anomalies  on  F-layer  propagation.  Another 
important  parameter  which  may  affect  oblique  HF  propagation  is 
the  U-rcgion  absorption  particularly  during  magnetic  storms. 
However,  no  attempt  has  been  made  to  include  absorption  effects 
in  this  study. 

A  brief  review  of  current  theories  for  the  formation  of 
field  aligned  irregularities  has  been  presented  and  the  observed 
statistical  occurrence  characteristics  of  these  irregularities 
are  discussed  in  the  light  of  the  recently  developed  physical 
concepts.  \ 


2.  EQUIPMENT  AND  DATA  REDUCTION 

The  data  for  this  study  were  obtained  from  film  records  of 
a  continuous  series  of  19.39  MHz  oblique  backscatter  observations 
made  at  Plum  Island,  MA  (42.63°N,  70.82°W  and  56°  invariant 
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magnetic  latitude)  during  1961-65.  The  data  acquisition  system 
as  well  as  the  general  methods  of  data  reduction  have  been 
reported  in  detail  in  Report  1. 

3.  NOMENCLATURE  AND  IDENTIFICATION  OF  ECHOES 

The  backscatter  records,  in  general,  showed  three  main 
classes  of  echoes  in  the  northern  quadrants: 

i)  Ground  backscatter  echoes  propagated  via  sporadic  E 
reflection 

ii)  Ground  backscatter  echoes  propagated  via  F-region 
re  flection 

iii)  Direct  backscatter  from  aspect  sensitive  field 
aligned  irregularities  in  the  E  and  F  layer  and 
which  have  been  designated  as  FAE(E)  and  FAE(F) 
respectively  in  Report  1. 

Since  there  is  considerable  confusion  in  the  literature 
(Croft,  1972)  regarding  the  nomenclature  of  the  various  phenomena 
observed  in  conjunction  with  HF  propagation,  we  shall  briefly 
summarize  the  various  terms  used  in  this  report  to  describe  the 
above  echoes. 

The  term  Es  propagation  will  be  specifically  used  for 
propagation  of  signals  reflected  by  an  Es  layer  and  then  scattered 
by  the  ground  so  that  the  signal  retraces  its  path  to  the 
transmitter.  It  was  determined  that  these  diffuse  echoes  which 
were  obtained  at  delays  of  8-10  msec  in  the  northern  quadrants 
could  not  be  direct  returns  from  the  auroral  E  layer  as  the 
antenna  system  used  for  this  study  discriminates  against  the 
very  low  elevation  angles  (0-1  degree)  that  would  be  required 
to  obtain  such  delays  for  direct  backscatter  from  the  F.  layer. 

A  similar  point  has  been  made  by  Egan  and  Peterson  (1962).  More 
definite  evidence  that  the  Es  propagation  is  actually  a  reflection 
from  Es  ionization  is  presented  in  the  next  section.  Again,  it 
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is  not  possible  for  these  diffuse  echoes  to  be  one-hop  F-region 
propagated  grounds cattor  echoes  (to  be  referred  to  as  IF  echoes); 
at  a  frequency  of  19.4  MHz  IF  echoes  occur  at  much  greater  delays. 
Indeed  the  daytime  I. s  echoes  are  usually  accompanied  by  IF  and 
sometimes  2F  echoes  at  appropriately  greater  delays.  Resides, 
the  continuous  operation  of  the  sounder  makes  it  possible  to 
follow  the  regular  diurnal  pattern  of  IF  echoes  as  they  develop 
in  the  morning  and  decay  after  sunset.  The  E$  echoes  on  the 
other  hand,  arc,  as  their  name  implies,  rather  sporadic  in 
nature  and  are  observed  for  periods  of  a  fraction  of  an  hour  to 
a  few  hours. 

The  aspect  sensitive  field  aligned  echoes  such  as  those 
observed  by  Peterson  ct  al  (19SS)  showed  up  as  much  sharper 
well  defined  traces  on  the  films.  They  were  predomint nt ly 
centered  in  the  NW  quadrant  and  were  less  frequently  observed 
in  the  NT;.  The  large  beamwidth  of  the  antenna  (~45°)  precluded 
sensitive  enough  range-elevation  displays  which  could  have 
determined  whether  these  field  aligned  echoes  were  themselves 
discrete  or  diffuse  in  nature.  Such  a  distinction  was  made, 
among  others,  by  Lcadabrand  (1961,  1965)  working  in  the  VII F 
and  I'HF  hand  with  narrow  beam  radars.  Thus  in  the  terminology 
of  the  IAGA,  1968  classification  (Sverdlov,  1971),  we  cannot 
distinguish  between  Bj,  B2  and  B3  types  of  radii  aurora.  In 
addition  since  some  of  the  aspect  sensitive  echoes  arc 
obtained  during  periods  of  magnetic  calm  and  hence  could  not 
be  directly  related  to  auroral  disturbances  at  the  latitude 
(~6()°  invariant)  of  sounding,  it  was  decided  to  refer  to  them 
generally  as  FAE ' s  rather  than  radio  aurora. 

4.  L5  PROPAGATION 

The  occurrence  characteristics  of  U5  propagation  in  the  NW 
and  NE  over  the  five  year  period  of  observation  are  presented  in 
Figures  1  and  2  for  quiet  magnetic  conditions.  There  is  no 
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systematic  variation  of  Es  propagation  from  one  year  to  another 
or  from  one  quadrant  to  another.  The  only  prominent  feature  is 
the  presence  of  Es  propagation  during  the  summer  months  (May 
through  August)  of  each  ye&r.  The  diurnal  variation  during 
these  months  shows  a  morning  and  an  evening  peak  of  occurrence. 
The  evening  peak  is  usually  the  more  intense  one  when  E$ 
propagation  is  observed  for  as  much  as  SO  per  cent  of  the  time. 
Some  occurrence  is  seen  during  the  winter  months  in  the  evening 
hours,  but  it  is  usually  present  for  less  than  1.0  per  cent  of 
the  time. 

The  diurnal  variation  of  the  occurrence  of  Es  propagation 
over  the  five  years  of  observation  for  the  NW  during  quiet 
magnetic  periods  is  also  shown  in  Figure  3.  As  in  Figure  1, 
we  see  the  two  diurnal  peaks  of  occurrence  with  the  largest 
peak  occurring  in  the  evening.  The  occurrence  of  Es  propagation 
during  magnetic  storms  is  too  infrequent  for  any  statistical 
conclusions  to  be  drawn.  This  could  be  due  to  an  actual  decrease 
of  Es  occurrence  during  storms,  as  has  been  reported  by  various 
authors,  as  well  as  increased  D-region  absorption  during  storms 
which  could  cut  off  oblique  Es  propagation  since  four  traversals 
of  the  absorbing  lower  ionosphere  are  required. 

To  determine  whether  this  particular  type  of  propagation 
ii  indeed  a  reflection  from  Es  clouds  to  the  north  of  the 
station,  fEs  occurrence  contours  from  Ottawa  were  studied.  The 
ionosondc  station  at  Ottawa  is  very  well  suited  for  a  comparison 
of  this  kind  being  situated  at  a  slant  range  of  approximately 
540  km  (E-layer  height)  at  an  azimuth  of  330°  to  the  observing 
station.  Most  of  the  median  delays  for  the  Es  type  propagation 
correspond  to  such  slant  ranges  for  the  Es  clouds.  On  a  range- 
elevation  display,  these  slant  ranges  correspond  to  elevation 
angles  of  8  to  10°.  Thus  maximum  vertical  frequencies  of 
approximately  4.5  to  5  MHz  for  the  Es  clouds  should  be  able 
to  reflect  the  observing  frequency.  Figure  4  shows  percentage 
occurrence  contours  of  fEs  -  5  MHz  as  observed  at  Ottawa  for 
the  years  1961-65.  The  data  for  these  contours  were  obtained 
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from  the  monthly  bulletins  of  ionospheri c  ,data  published  by  the 
Defence  Research  Telecommunications  Es  tab  -  i  sliment ,  Ottaw.i, 

Canada.  The  remarkable  similarity  of  Figures  1  and  4  provides 
convincing  evidence  for  Es  type  propagation  observed  by  the 
oblique  backscattcr  radar.  The  diurnal  variation  of  vertical 
Es  occurrence  at  Ottawa  (Figure  4)  shows  the  same  pattern  as 
that  derived  from  the  oblique  Es  propagation  (Figure  1).  It 
should  be  'pointed  out  that  Figure  4  represents  data  taken  on 
all  days  at  Ottawa  without  discriminating  between  quiet  and 
disturbed  days.  However  a  separate  study  of  the  Ottawa  Es  data 
indicated  that  magnetically  disturbed  periods  showed  less  Es 
activity,  a  fact  that  had  been  known  earlier  and  has  also  been 
confirmed  recently  (Whitehead,  1970;  Closs,  1971).  Hence, 

Figure  3  generally  represents  quiet  conditions.  The  exceptionally 
good  statistical  agreement  between  Figures  1  and  4  shows  that 
during  periods  of  quiet  magnetic  conditions  absorption  of  the 

oblique  rays  in  the  D  layer  is  not  strong  enough  to  cut  off 

✓ 

Es  propagation. 

To  prove  that  the  statistical  agreement  referred  to  above, 
is  also  borne  out  on  a  one-to-one  basis,  the  occurrence  of  Es 
propagation  was  correlated  with  the  presence  of  Es  in  the 
vertical  ionosondc  data  from  Ottawa  on  an  hourly  basis  for  a 
particular  month,  namely  June,  1961.  The  results  show  that  if 
fEs  i  4  MHz  at  Ottawa,  then  the  Es  propagation  is  observed 
80  percent  of  that  time.  Considering  that  the  observations 
were  made  only  once  every  hour  at  Ottawa  and  the  oblique  sounder 
was  operating  continuously,  this  is  a  remarkably  good  correlation. 

4.1.  Correlation  of  l;AE(E)  and  Es  Propagation. 

The  total  occurrence  statistics  of  FAF.(H)  during  quiet 
magnetic  periods  over  the  years  1961-65,  presented  earlier  in 
Report  1,  arc  reproduced  in  Figure  5  for  comparison  with  the  Es 
propagation  occurrence,  particularly  from  the  NW  quadrant.  It 
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should  be  noted  that  the  time  scale  is  different  in  Pi|uros  1 
and  S.  Keeping  this  in  mind,  we  find  that  the  definite  summer 
evening  maximum  in  FAE(F.)  is  correlated  oxtremely  well  with  the 
evening  maximum  of  both  Es  propagation  and  fEs  at  Ottawa.  The 
other  diurnal  peak  in  Es  during  the  pre-noon  hours  has  no 
accompanying  FAE(E)  activity  at  all.  We  shall  attempt  to 
reconcile  these  two  points  in  the  Discussion.  The  high  associa¬ 
tion  of  Es  with  FAE(E)  during  evening  hours  is  further  shown  in 
Figure  6,  which  represents  the  percent  occurrence  of  Es  associated 
FAE(E)  from  the  NW  for  the  five  years  of  observation  during  quiet 
magnetic  periods.  During  2000  to  0300  hours  Es  propagation  is 
accompanied  almost  50  percent  of  the  time  by  FAE(E). 

The  occurrence  of  FAE(E)  during  magnetically  disturbed 
periods  ( Kp r  4-9)  is  statistically  insignificant  for  presenta¬ 
tion  in  the  form  of  contour  diagrams  as  in  Figure  5.  Instead, 
this  occurrence  is  presented  in  the  form  of  average  seasonal 
histograms  over  the  five  years  of  observation,  as  in  Figure  7. 

The  average  seasonal  behavior  for  very  quiet  (Kpr  0,1)  and 
moderate  conditions  (Kpr  2,3)  is  also  shown  for  comparison. 

These  seasonal  groupings  arc  somewhat  different  from  those 
presented  in  Report  1  and  are  found  to  be  more  meaningful  in 
terms  of  occurrence  statistics  of  E$.  The  predominant  summer 
nighttime  maximum,  weak  secondary  maximum  in  winter,  and  very 
low  occurrence  in  the  equinoctial  months  is  apparent  during 
both  the  very  quiet  and  the  moderately  disturbed  magnetic  periods. 
The  occurrence  pattern  of  FAE(E)  changes  drastically  when  the 
magnetic  field  is  severely  disturbed.  During  this  time, 
virtually  all  seasonal  differences  are  wiped  out  and  considerable 
FAE(E)  activity  is  seen  during  the  daytime.  Thus  there  seems 
to  be  a  threshold  effect  for  the  effects  of  magnetic  disturbances 
on  the  formation  of  field  aligned  irregularities  at  E-layer 
heights.  We  shall  comment  on  this  point  further  in  the  Discussion 
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5.  F-  I.AYER  PROPAGATION 


The  F-laycr  ground  backscattcr  echoes  or  IF  echoes  form  a 
large  fraction  of  the  total  data  recorded.  The  echoes  obtained 
at  southern  azimuths  were  stronger  and  more  numerous.  However, 
a?  pointed  out  earlier,  we  shall  restrict  ourselves  to  echoes 
obtained  from  the  north.  The  greater  majority  of  these  was 
obtained  at  delays  of  16-18  msec  whi ch corresponds  to  ground 
scattering  distances  of  2400-2700  kra.  The  percentage  occurrence 
contours  of  this  type  of  echo  during  magnetically  quiet  periods 
are  presented  in  Figures  8  and  9  for  the  NW  and  NE  respectively. 
Though  the  occurrence  of  ground  scatter  is  appreciably  greater 
in  the  NF.,  both  diagrams  show  a  very  marked  solar  cycle 
dependence.  Another  significant  factor  in  both  is  the  absence 
of  daytime  ground  backscatter  during  the  summer  months  -  the 
backscattcr  appears  much  later  in  the  day  during  the  afternoon 
hours  in  the  NE  and  even  later  around  1800  hours,  in  the  NW. 

5.1.  Effect  of  Es  on  F-layer  propagation 

As  stated  in  the  Introduction,  it  was  our  object  to 
investigate  the  effects  of  blanketing,  if  any,  caused  by  the 
intense  sporadic-E  clouds  present  so  consistently  during  the 
summer  on  F-laycr  backscatter.  A  quick  comparison  of  Figures 
4  and  8  seems  to  indicate  that  absence  of  daytime  ground 
backscatter  during  the  summer  may  be  caused  by  the  presence 
of  Es.  Ilowevei  ,  a  closer  look  shows  that  the  evening 
occurrence  of  F-laycr  propagation  during  this  season  coincides 
almost  exactly  with  the  evening  maximum  of  Es  occurrence.  Thus 
the  daytime  absence  of  F-layer  echoes  cannot  be  attributed  to 
the  presence  of  Es ,  and  we  have  to  look  for  changes  in  the 

F-rcgion  parameters  themselves  for  an  explanation.  It  is 

\ 

our  conclusion,  therefore,  that  Es  at  sub-auroral  latitudes 
docs  not  cause  blanketing  effects  on  the  IF  mode  of  propagation. 
Dates  (1969)  came  to  a  similar  conclusion  regarding  the  IF  mode 
signal  after  examining  simultaneous  records  of  liF  backscattcr 
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at  College  and  the  Tliu3  e-to-College  forward  oblique  propagation 
in  the  auroral  zone.  In  the  absence  of  any  amplitude  records, 
we  could  not  determine  whether  the  presence  of  Es  causes  any 
fall-off  in  the  echo  intensity.  However,  since  F-layer 
propagation  with  this  low  power  system  could  exist  simultaneously 
with  the  rather  intense  evening  Es  maximum,  our  tentative  con¬ 
clusion  is  that  it  does  not  cause  any  appreciable  loss  of 
intensity. 

5.2.  Effect  of  direct  ionospheric  scatter  on  F-layer  propagation. 

Ne  have  seen  in  Section  4  of  this  Report  that  direct 
ionospheric  scatter  from  the  E  region,  FAE(E),  is  highly 
correlated  with  the  presence  of  Es  propagation.  This  lends 
support  to  the  theory  of  weak  scatter,  developed  by  Booker 
(19S6),  in  which  he  postulated  that  only  a  small  fraction  of 
the  incident  energy  is  scattered  back  towards  the  radar  by  the 
field  aligned  irregularities  which  provide  discontinuities  in 
the  dielectric  constant.  Again,  in  the  previous  section  we 
have  seen  that  the  Es  clouds  themselves  are  of  the  non-blanketing 
type.  At  these  latitudes  sufficient  refraction  must  be  present 
in  the  underlying  layers  to  produce  aspect  sensitivity  at 
F-layer  heights.  Looking  north  from  the  Plum  Island  radar, 
the  magnetic  field  direction  is  so  nearly  vertical  that  aspect 
sensitivity  requirements  are  met  close  to  the  reflection  level, 
i.e.,  when  the  ray  travels  horizontally.  Thus  the  existence 
of  the  IF  mode  becomes  an  almost  necessary  condition  for  the 
occurrence  of  direct  scatter  from  the  F  layer.  If  the  direct 
scatter  and  IF  mode  echoes  occur  simultaneously,  we  can  assume 
that  the  direct  scatter  is  rather  weak.  The  occurrence  of 
direct  scatter  is  further  dependent  on  another  crucial  factor, 
namely,  the  presence  of  field  aligned  irregularities  at  the 
latitude  of  interest  at  that  particular  local  time. 

To  study  the  simultaneous  occurrence  of  the  IF  mode  of 
propagation  and  FAK(F)  we  constructed  Figure  10.  This  diagram 
shows  the  diurnal  variation  of  the  occurrence  of  the  F-layer 
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echo  over  5  years  of  observation  as  well  as  the  percentage  of 
the  time  that  FAF.(F)  accompanied  the  F- layer  echo.  Figure  10 
shows  that  the  hours  of  greatest  F- layer  echo  occurrence  are 
accompanied  by  a  negligible  percentage  of  FAE(F),  whereas  the 
evening  hours  with  rapidly  tapering  IF  echo  occurrence  are 
those  which  arc  accompanied  by  FAE(F)  for  25  to  50  percent  of 
the  time.  This  diurnal  variation  during  quiet  times  can  be 
immediately  explained  in  terms  of  the  irregularity  region 
obtained  from  scintillation  measurements  as  shown  in  Figure  11 
(Aarons  and  Allen,  1971)  which  shows  that  the  low  latitude 
scintillation  boundary  approaches  60°  invariant  at  1700  hours 
local  time.  This  is  precisely  the  time  beyond  which  an 
appreciable  FAE(F)  activity  is  observed.  Thus  if  irregularities 
are  present,  then  it  is  possible  to  have  simultaneous  FAE(F) 
and  IF  echoes. 

During  disturbed  times  the  equatorward  scintillation 
boundary  is  found  to  move  southwards.  Thus  it  is  quite 
possible  from  boundary  concepts  to  expect  irregularities  and 
hence  FAE(F)  activity.  Figure  12  shows  the  diurnal  variation 
of  hours  of  IF  echo  as  well  as  the  precentage  of  the  time  that 
this  IF  echo  was  accompanied  by  FAF.(F).  That  the  FAE(F)  is 
present  simultaneously  for  30  percent  of  the  time  the  IF  echo 
is  present  proves  that  direct  scatter  from  the  F-region 
irregularities  is  weak  in  nature  and  the  limiting  factor  in 
Figure  10  was  the  absence  of  irregularities.  Comparing 
Figures  10  and  12  and  noting  that  the  number  of  Kpr4-9  samples 
is  only  lO7*  of  the  number  of  Kpr0-3  samples,  we  find  a 
tremendous  increase  of  FAE(F)  activity  during  magnetic  storms 
in  the  hours  when  F-layer  propagation  is  simultaneously  present. 

For  the  sake  of  completeness,  as  well  as  a  one-to-one 
comparison  with  Figure  8,  we  have  reproduced  from  Report  1  the 
FAE(F)  occurrence  contours  obtained  over  the  5  years  of  observa¬ 
tion  in  the  NW  quadrant  during  quiet  times  in  Figure  13.  The 
sunset  peak  of  occurrence  and  solar  cycle  dependence  is  very 
clearly  displayed.  The  diurnal,  seasonal,  and  magnetic  effects 
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are  also  very  clearly  depicted  in  Figure  14.  It  is  interesting 
to  note  the  increase  of  echo  occurrence  with  increasing 
magnetic  index  in  each  season  excepting  the  summer.  The 
explanation  for  this  is  the  generally  observed  fact  that 
summer  magnetic  storms  at  midlatitudcs  are  isually  accompanied 
by  a  decrease  of  f0F2 ,  whereas  the  opposite  is  the  case  in 
winter  (Matsushita,  1959;  Maeda  and  Sato,  1959).  Although 
Figure  14  generally  shows  increase  of  FAE(F)  with  each  range 
of  magnetic  index,  an  earlier  study  (Report  1)  showed  that 
FAE(F)  increased  monotonically  with  Kpr  until  Kpr«4  and  then 
decreased  thereafter,  attaining  complete  cut  off  for  Kpr>7. 

The  complete  cut  off  for  Kpr*7  shows  that  severe  magnetic 
storms  in  any  season  are  accompanied  by  a  decrease  in  f0F2  at 
these  latitudes  as  is  the  case  at  high  latitude  stations  for 
even  moderate  storms.  In  contrast  FAE(E)  showed  uniformly 
high  activity  for  Kpr  ranging  from  6  to  9.  These  results  are 
reproduced  in  Figure  15. 

It  is  our  conclusion  that  direct  ionospheric  scatter  does 
not  affect  F-layer  propagation.  Rather,  F-layer  propagation 
is  often  required  to  produce  FAE(F)  at  locations  where  direct 
orthogonality  between  the  ray-path  from  the  radar  and  the 
geomagnetic  field  is  not  achieved  for  straight  lire  propagation. 

5.3.  Effect  of  varying  F-region  parameters  on  IF  propagation. 

It  was  pointed  out  previously  that  the  disappearance  of 
F-laycr  propagated  echoes  during  the  summer,  as  shown  in 
Figures  8  and  9,  was  probably  caused  by  the  seasonal  variation 
of  the  F-region  parameters  and  not  due  to  blanketing  effects 
of  Es  ionization.  The  two  most  important  parameters  affecting 
F-laycr  propagation  arc  its  critical  frequency  f„F?  ,  and  the 
true  height  of  maximum  ionization  hn|f;2.  However,  the  true 
height  analysis  of  ionograms  is  not  carried  out  on  a  routine 
basis  and  hence  the  maximum  usable  frequency  factor  of  the 
F2  layer  for  a  distance  of  3000  km,  M(3000)F2,  was  used  to 
obtain  relative  variation  of  the  true  height  between  one  time 
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and  another.  It  has  been  shown  by  Shimazaki  (1955)  that 
for  most  electron  density  profiles  the  height  of  the  maximum 
electron  density  is  appr >xi mated  by  hpF2»1490/M(3000) F2  -  176. 
Thus  the  variation  of  M((000)F2  indicates  the  trend  in  the 
variation  of  hpF2  -  the  lower  values  of  M(3000)F2  corresponding 
to  higher  values  of  hpF2  and  vice-versa. 

The  ionosonde  stations  to  the  NW  and  NE  of  Plum  Island 
are  Winnipeg  (49.9°N,  97.4°K)  and  St.  John's  (47.6°N,  S2.7°W), 
respectively,  and  their  data  are  considered  to  represent 
ionospheric  F2-laycr  conditions  in  these  two  directions. 

Hence  contours  of  the  monthly  median  f0F2  and  hpF2,  calculated 
from  the  M(3000)F2  factor  by  Shimazaki's  relation,  were  drawn 
for  both  stations  using  DRTE(Ottawa)  Canadian  data  books. 

These  are  shown  in  Figures  16  through  19.  Systematic  differ¬ 
ences  arc  found  between  the  f0F2  contours  of  the  two  quadrants 
the  median  critical  frequency  to  the  NE  always  being  higher 
than  that  of  the  NW  at  a  particular  hour,  usually  by  at  least 
O.S  MHz.  This  higher  critical  frequency  is  responsible  for 
the  higher  percentage  of  the  time  that  F-layer  propagation 
is  present  to  the  NE.  Looking  at  the  hpF2  contours  we  find 
that  the  summer  daytime  values  arc  the  highest  of  any  season 
in  addition  to  being  accompanied  by  the  lowest  values  of  fcF2. 
This  particular  combination  of  high  hpF2  and  low  f0F2  is 
responsible  for  the  disappearance  of  F-layer  propagation  in 
the  daytime.  However,  it  reappears  in  the  evening  when  the 
fQF2  is  higher  and  the  hpF2  is  lower.  The  solar  cycle 
variation  is  manifested  by  a  decrease  of  hpF2  from  1961  to 
1964.  However,  this  favorable  trend  is  more  than  compensated 
for  by  an  accelerated  decrease  of  f0F2  with  the  declining 
solar  cycle,  so  that  we  observe  a  general  decrease  of  F-layer 
propagation.  A  separate  empirical  study  is  underway  to 
determine  particular  combinations  of  f0F2  and  hpF2  which  will 
yield  the  observed  percentage  of  F-layer  propagation. 

We  thus  conclude  that  the  F-region  parameters  themselves 
arc  crucial  in  determining  the  extent  of  F-layer  propagation. 
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If*  have  observed  that  in  a  particular  quadrant  the  F-layer 
propagation  varies  with  tine  of  day,  season,  and  sunspot  number. 
This  is  largely  dictated  by  the  variable  shape  of  the  f<>F2  vs. 
tine  curves  as  a  function  of  season.  We  find  from  Figure  16 
that  the  winter  f0F2  vs.  tine  curves  show  a  single  nidday 
maximum  which  is  greater  than  the  f0F2  at  any  other  season. 

This  is  the  seasonal  anomaly.  The  summer  and  equinox  months 
on  the  other  hand  show  an  evening  peak  which  is  usually  greater 
than  the  midday  value.  This  is  generally  referred  to  as  the 
evening  anomaly.  Strobel  and  McElroy  (1970)  made  computations 
for  a  latitude  of  43°N  under  sunspot  minimum  conditions  and 
found  that  most  of  the  seasonal  variations  as  well  as  the 
evening  anomaly  could  be  explained  by  altering  the  atmospheric 
composition,  specifically  that  of  O/O2 ,  keeping  the  aggregate 
oxygen  mas?  constant,  at  a  base  level  of  120  km.  Thus, 
contrary  to  general  expectations,  neutral  winds  are  not  the 
direct  cause  of  the  seasonal  anomaly  (Rishbcth,  1968). 

Neutral  winds,  however,  are  largely  responsible  for  the 
other  noteworthy  feature  that  has  emerged  from  these  observa¬ 
tions,  namely,  the  greatly  enhanced  F-layer  propagation  in 
the  Nli  as  compared  with  the  NIV.  The  two  ionosondc  stations 
chosen  to  represent  conditions  in  these  general  directions 
arc  St.  John's  (NE)  and  Winnipeg  (NW) .  These  stations,  though 
similar  in  latitude,  differ  in  magnetic  declination.  St.  John's 
has  the  rather  large  westerly  declination  of  27°W  whereas 
Winnipeg  has  a  declination  of  10°li.  The  difference  in  F2-layer 
behavior  at  places  of  similar  latitude  but  opposite  declination 
has  been  discussed  in  a  recent  review  on  thermospheric  winds 
by  Rishbeth  (1972)  and  also  by  Kohl  et  al  (1969).  These 
authors  conclude  that  wind  effects  can  account  for  the  dependence 
of  the  diurnal  F2-laycr  variations  on  declination,  that  had 
been  suggested  previously  by  hyrfrig  (1963).  Thus  we  find  that 
factors  such  as  changes  in  atmospheric  composition  and  neutral 
winds  indirectly  control  F-laycr  propagation. 
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6.  CENTRAL  DISCUSSION  ON  FORMATION  AND  OCCURRENCE  OF  FIELD  ALIGNED 
IRREGULARITIES 

6.1.  FAE  (F.) 

The  statistical  results  of  the  occurrence  of  FAE(E)  in  this 
study  extending  over  half  a  solar  cycle  seem  to  agree  well  with 
Forsyth's  (1969)  recent  paper  on  the  occurrence  of  radio  aurora 
over  a  full  solar  cycle.  He  finds  a  consistent  summer  maximum 
throughout  the  solar  cycle.  However,  the  diurnal  variation  of 
radio  aurora  shows  a  daytime  maximum  as  opposed  to  the  nighttime 
maximum  that  is  observed  at  Plum  Island.  It  should  be  noted  that 
Forsyth's  paper  was  based  on  forward  scatter  measurements  made 
at  40  MHz  between  a  transmitter  located  at  Greenwood  and  receiver 
located  at  Ottawa  on  an  east-west  line.  As  indicated  earlier,  the 
oblique  backscatter  observations  reported  in  this  study  sound  the 
Ionosphere  over  Ottawa  for  E-region  heights.  Thus  the  two  sets 
of  measurements  refer  to  ionospheres  at  almost  the  same  invariant 
latitude,  but  located  possibly  a  few  hundred  km  apart  in  the 
east-west  direction.  Referring  to  the  earlier  paper  by  Collins 
and  Forsyth  (1959),  it  becomes  evident  that  the  daytime  summer 
maximum  reported  by  Forsyth  must  be  caused  by  the  S-type  scatter 
(classified  as  A^  by  IAGA,  1968)  which  is  weakly  aspect-sensitive 
and  is  not  correlated  with  magnetic  disturbances.  This  type  of 
irregularity  when  existing  at  the  zenith  at  Ottawa  is  reported 
as  Es  and  gives  rise  to  the  E$-type  propagation  that  is  so  con¬ 
sistently  observed  during  the  summer  daytime  under  quiet  condi¬ 
tions.  Forsyth  also  makes  the  comment  that  even  if  the  daytime 
occurronccs  arc  eliminated,  the  summer  maximum  still  remains  - 
a  fact  which  is  adequately  borne  out  by  our  observations. 

The  current  thinking  (Unwin  and  Knox,  1971)  is  to  explain 
radio  nurora,  i.o.,  aspect-sensitive  high  latitude  disturbances 
strongly  related  to  magnetic  storms,  in  terms  of  either  Farley's 
( 1963)  'ion-acoustic  instability'  or  the  ' dri ft- gradient 
instability'  developed  by  Simon  (1963)  and  lloh  (1963).  Unwin 
and  Knox  (1971)  further  show  that  tho  B1  or  diffuse  type  of 
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radio  aurora  is  probably  due  to  the  ion-acoustic  instability, 
whereas  the  02  and  B3  (discrete)  types  are  probably  due  to  the 
drift-gradient  instability.  These  authors  also  point  out  that 
the  condition  for  the  onset  of  the  latter  type  of  instability 
is  inversely  proportional  to  the  square  of  the  wavelength  thus 
Making  an  IIP  system  very  sensitive  for  its  detection.  An  order 
of  magnitude  estimate  shows  that  an  electric  field  of  1  mv/m  may 
be  adequate  for  causing  this  kind  of  instability  at  IIP  and  this 
value  is  well  within  the  range  that  can  be  accounted  for  by 
normal  ionospheric  winds.  Thus  the  drift  gradient  instability 
could  be  one  of  the  possible  causes  for  the  formation  of  FAE(E) 
during  magnetically  quiet  and  moderately  disturbed  times. 

The  ion-acoustic  instability,  on  the  other  hand,  requires  a 
threshold  electric  field  of  the  order  of  30  mv/m  even  at  HF. 

It  may  be  reasonable  to  expect  fields  of  this  order  at  E-region 
heights  for  quite  disturbed  conditions ( Kft>4)  at  approximately 
60°  invariant  latitude.  Thus  the  FAE(F.)  observed  during  strong 
disturbances  could  very  well  have  been  caused  by  this  instability 
(Gadsden,  1967;  Moorcroft ,  1972). 

Goodwin  (1965)  found  Booker's  theory  (1965)  of  scattering 
to  be  adequate  for  the  explanation  of  his  16  MU z  data  and  the 
same  argument  may  be  valid  for  this  19  Mil z  data  obtained  during 
quiet  times  in  the  presence  of  non-auroral  F.s.  This  non-auroral 
E$  provides  as  high  a  background  ionization  as  do  irregularities 
occurring  in  the  aurora.  These  irregularities  in  electron 
density  which  are  elongated  along  the  magnetic  field  are  supposed 
to  be  randomly  distributed,  and  are  caused  by  atmospheric  turbulen 
P.ccent  measurements  of  nighttime  and  twilight  wind  profiles  from 
chemical  trails  have  shown  that  turbulence  once  initiated  maintain 
itself  for  30  percent  of  the  time  at  altitudes  below  110  km 
(Rosenburg  and  Zimmerman,  1972).  Booker  assumed  the  blobs  of 
ionization  to  be  gaussoid  in  form.  Later  measurements  (Chesnut 
et  al,  1968)  have  shown  that  the  gaussoid  model  is  not  a  good  one 
for  representing  radio  aurora,  and  it  is  Bates'  view  (1969)  that 
Booker's  scattering  theory  is  general  and  does  indeed  apply  in 
most  cases;  rather  it  is  the  gaussoid  model  that  does  not  apply. 
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6.2.  FAE(F) 

The  percentage  occurrence  contours  of  FAE(F)  show  that 
during  quiet  periods  they  are  primarily  a  sunset  phenomenon. 
During  disturbed  periods,  however,  they  are  found  to  occur 
more  frequently  in  the  daytime,  in  addition  to  their  sunset 
occurrence.  It  is  to  be  emphasized  that  their  diurnal  peak  of 
occurrence  should  be  interpreted  in  terms  of  their  aspect 
sensitivity  requirements  which  in  this  case  is  dependent  on 
refraction  due  to  underlying  ionization.  If  the  probing  (IF 
radar  had  been  at  a  somewhat  lower  geomagnetic  latitude, 
such  as  that  at  Brisbane  ,  the  diurnal  peak  would  have  occurred 
closer  to  midnight  when  the  irregularities  are  found  to  be 
most  predominant  from  scintillation  measurements  (Aarons  et  al , 
1969).  Such  were  indeed  the  findings  with  a  16  MHz  radar 
situated  at  Brisbane  (Matthew,  1961).  This  led  Bates  (1969) 
to  suggest  that  statistical  studies  of  any  given  type  of  echo 
(e.g.,  E-scatter  of  F-scatter)  are  not  too  meaningful  because 
the  same  scattering  region  gives  different  answers  when 
viewed  from  different  locations.  However,  it  is  quite  correct 
to  suggest  that  near-sunset  conditions  are  cond*  —ive  to  the 
formation  of  field  aligned  irregularities  in  the  mid-latitude 
ionosphere,  whereas  during  the  daytime,  conditions  arc 
relatively  unfavorable.  Bates  (1971)  has  shown  that  slant-F 
echoes  were  seen  on  a  one-to-one  basis  whenever  the  vertical 
incidence  F-layer  traces  were  spread  at  College.  At  that 
station,  which  is  well  within  the  auroral  oval,  these  slant-F 
echoes  were  present  much  of  the  time  between  roughly  1600  and 
0600  l.T.  Slant-F  echoes  were,  however,  observed  only  occasion¬ 
ally  at  Palo  Alto,  California  during  1964.  Plum  Island,  being 
at  an  intermediate  latitude,  should  show  intermediate  occur¬ 
rence.  Bates  comes  to  tho  conclusion  that  the  slant-F  echoes 
arc  produced  by  highly  aspect- sens i t ive  backscatter  from  field 
aligned  irregularities  in  the  F  layer.  It  is  thus  quite  reason¬ 
able  to  assume  that  tho  oblique  backscatter  sounder  will  show 
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FAE(F)  activity  when  spread-F  conditions  are  repotted  by 
relevant  ionosondcs.  Positive  correlations  between  spread-F 
and  FAE(F)  were  reported  by  various  authors  (Herman,  1966  and 
various  authors  quoted  therein).  However  most  authors  also 
report  the  presence  of  spread-F  without  corresponding  FAF.(F) 
activity,  thus  showing  that  the  vertical  ionosonde  is  a  more 
sensitive  detector  of  irregularities  than  a  rackscatter 
sounder  (Au,  1970).  Bates  (1971)  and  Au(1970)  found  sufficiently 
good  agreement  between  the  existence  of  irregularities  producing 
FAIi(F)  and  the  scintillation  boundary  (Aarons,  et  al ,  1969)  to 
invoke  the  same  mechanism  for  the  formation  of  the  irregularities. 
Very  recently  Kelley  and  Mozer  (1971)  have  found  evidence  of 
turbulent  electrostatic  fields  whose  daytime  and  nighttime 
cquatorward  boundary  agree  extremely  well  with  that  determined 
by  Aarons  and  Allen  (1971).  Kelley  and  Mozer  were  making  in  situ 
low  frequency  vector  electric  field  measurements  from  orbitting 
satellites  at  a  height  of  400  km.  It  is  interesting  to  note 
that  these  signals  showed  significant  peaks  when  the  spacecraft 
was  in  the  statistical  auroral  oval  as  defined  by  Feldstein  (1966). 
Kelley  and  Mozer  quote  a  peak  intensity  at  12  Hertz  of  1  mv/m  • 
hertz’1.  However,  without  knowing  the  spectral  characteristics 
over  the  entire  bandwidth  it  is  difficult  to  compare  this  value 
with  other  quoted  dc  field  measurements. 

The  existence  of  electrostatic  fields  and  plasma  density 
gradients  in  the  ionosphere  are  known  to  give  rise  to  a  unique 
type  of  instability  known  alternatively  as  'cross-field 
instability'  or  ' dri ft  -  gradient  instability'  which  can  result 
in  the  growth  of  ionization  density  irregularities  that  are 
aligned  along  the  earth's  magnetic  field.  It  will  be  recalled 
that  this  type  of  instability  has  been  invoked  for  the  explana¬ 
tion  of  the  B2  and  H3  types  of  radio  aurora  at  E-layer  heights 
(Unwin  and  Knox,  1971).  Reid  (1968)  considered  the  formation 
of  field  aligned  irregularities  in  the  F-reg<on  due  to  this 
mechanism  and  Au(1970)  later  extended  his  calculations  for  a 
station  at  the  dip  pole.  From  these  calculations,  it  is  evident 
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that  the  dynamo  region  of  the  ionosphere  is  quite  likely  to 
be  unstable  in  the  presence  of  moderate  electric  fields  to  the 
growth  of  irregularities  with  scale  sizes  in  the  range  from 
a  few  tens  of  meters  to  a  few  kilometers.  Conduction  of  the 
small*scalc  electrostatic  fields  associated  with  this  instability 
up  the  magnetic  field  lines  can  give  rise  to  the  growth  of 
irregularities  of  corresponding  scale  sizes  in  the  F-rcgion. 
However,  the  theory  is  still  on  a  rather  tentative  footing  and 
no  rigorous  theory  of  formation  of  field  aligned  echoes  seems 
to  have  yet  been  formulated. 


6.3.  Conclusions 

While  the  physics  of  the  origin  of  the  irregularities  are 
in  the  process  of  being  developed,  the  morphology  of  the 
irregularity  region  is  clear.  Irregularities  exist  in  the 
region  hatched  in  Figure  11.  With  the  acceptance  of  this  model, 
the  geometry  of  the  probing  radar  becomes  the  all  important 
factor  with  the  propagation  angle  and  the  local  ionospheric 
parameters  forming  the  basis  for  the  occurrence  statistics. 
Knowledge  of  the  diurnal  pattern  of  the  irregularity  region, 
and  the  intensity  within  the  irregularities  across  the  auroral 
zone  and  the  polar  cap  is  being  expanded  by  high  latitude 
observations  as  well  as  by  observations  near  the  scintillation 
boundary.  With  statistics  such  as  shown  in  this  paper, 
it  should  be  possible,  given  the  morphology  and  the  height 
and  critical  frequency  of  the  F2  layer,  to  work  out  occurrence 
statistics  for  field  aligned  echoes  in  the  F  region. 
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FIG.  3.  AVERAGE  DIURNAL  VARIATION  OF  Es  PROPAGATION 
IN  THE  NW  QUADRANT  FOR  KFR0-3,  1961-1965 
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FIG.  5.  PERCENTAGE  OCCURRENCE  CONTOURS  OF  FAE(E)  FOR  K 
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FIG  7  AVERAGE  SEASONAL  VARIATION  OF  FAE  { E)  FOR  VARIOUS  RANGES  OF  KFr.  1961-65. 
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FIG  8.  PERCENTAGE  OCCURRENCE  CONTOURS  OF  IF  ECHO  IN  THE  NW  QUADRANT  FOR 
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FIG.  9  PERCENTAGE  OCCURRENCE  CONTOURS  OF  IF  ECHO  IN  THE  NE  OUAORANT  FOR 
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FIG.  10.  AVERAGE  DIURNAL  VARIATION  OF  I  F  ECHO  OCCURRENCE  AND  OF  FAE(F) 
OCCURRENCE  WHEN  IF  ECHO  IS  PRESENT  FOR  K„0-3,  1961-1965 


<0 


00 


47 


FIG.  II.  DIURNAL  PATTERN  OF  THE  EXTENT  OF  THE  F- LAYER  IRREGULARITY  REGION 
DURING  QUIET  MAGNETIC  CONDITIONS  (  KFr0-3) 
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FIG  12.  AVERAGE  DIURNAL  VARIATION  OF  IF  ECHO  OCCURRENCE  AND  OF  FAE(F) 
OCCURRENCE  WHEN  IF  ECHO  IS  PRESENT  FOR  KFB4-9f  1961-1965 
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3.  14.  AVERAGE  SEASONAL  VARIATION  OF  FAE  (F)  FOR  VARIOUS  RANGES  OF  KFr.  1961-65. 
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FIG.  15.  FAE(E)  AND  FAE(F)  AS  A  FUNCTION  OF  K 
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ABSTRACT 


In  a  reanalysis  of  the  IIF  (19  Milt)  backscattcr  data  from 
Plum  Island  MA,  the  occurrence  of  field  aligned  echoes  fro*  the 
I:  and  F  layers,  called  FAE(E)  and  FAE(F)  respectively,  was 
studied  in  detail.  From  this  site,  direct  orthogonality  with 
the  magnetic  field  can  be  achieved  only  at  E-layer  heights, 
whereas  refraction  is  necessary  for  the  F  layer.  FAE(E)  during 
quiet  magnetic  conditions  (Kpr0-3)  is  a  nighttime  phenomenon 
with  a  definite  maximum  during  the  summer,  when  it  is  accom¬ 
panied  by  groundscattcred  Es.  A  weaker  maximum  is  observed  in 
the  winter.  Geomagnetic  activity  increases  the  occurrence  of 
FAE(E)  when  no  seasonal  control  is  evident.  During  quiet 
magnetic  conditions,  FAE(F)  are  confined  px'marily  to  sunset 
hours.  The  equinoxes  show  more  activity  than  the  solstices, 
and  the  FAE(F)  are  generally  accompanied  by  F-layer  supported 
groundscatter  echoes.  FAE(F)  shows  a  positive  correlation 
with  solar  cycle.  The  incidence  of  FAE(F)  increases  monotonical ly 
with  Kpr  until  a  threshold  value  is  reached  (Kpr>4) ,  beyond 
which  the  depletion  in  the  background  ionization  causes  it 
to  decrease,  with  complete  cut-off  for  Kpr>7. 

In  the  next  scientific  report,  the  occurrence  characteristics 
of  various  groundscattered  echoes  will  be  presented  and  these 
will  be  used  to  explain  qualitatively  the  observed  characteristics 
of  FAE. 
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1.  INTRODUCTION 


A  continuous  series  of  fixed  frequency  oblique  backscatter 
observations  was  conducted  at  the  Plum  Island  site  (42,63®N, 

70 . 82° W)  of  the  Sagamore  Hill  Radio  Observatory  between  January 
1961  and  December  1965.  The  primary  objective  of  this  program 
was  to  st«dy  the  field  aligned  irregularities  in  the  ionization 
density  at  both  E-layer  and  F-layer  heights.  These  irregularities 
are  responsible  for  the  auroral  clutter  which  affects  the  per¬ 
formance  of  HF,  and  even  VHF  and  UHF,  high  latitude  radars  whose 
purpose  is  to  detect  and  track  aircraft  and  missiles  (Leadabrand, 
1964).  A  preliminary  analysis  of  a  part  of  this  data  has  been 
presented  by  Malik  and  Aarons  (1964)  in  which  they  noted  the 
frequent  occurrence  of  auroral  echoes  over  a  three  year  period. 

A  more  recent  analysis  of  the  data  has  been  made  by  Aarons  (1971). 

Studies  of  radar  echoes  from  field  aligned  irregularities 
have  been  made  for  many  years.  However,  studies  of  the  field 
aligned  E-region  irregularities  (to  be  henceforth  referred  to 
as  FAE(E))  have  been  more  numerous  as  indicated  in  the  review 
articles  by  Booker  (1960),  Chamberlain  (1961)  and  Bowles  (1964). 
This  is  primarily  because  it  is  possible  to  achieve  direct 
orthogonality  at  E-layer  heights  from  most  mid-latitude  and 
sub-auroral  stations.  The  condition  that  the  earth's  magnetic 
field  be  perpendicular  to  the  probing  radar  signal,  also  referred 
to  as  the  aspect  sensitivity  requirement,  is  a  necessary  condition 
for  sufficient  backscatter  to  occur.  Recent  work  (Bates,  1971) 
has  shown  that  the  intensity  of  the  backs cattered  signal  falls 
off  5-6  dB  per  degree  off  orthogonality. 

The  detection  of  field  aligned  F-region  irregularities 
(FAE(F))  from  most  mid-latitude  stations,  however,  will  require 
sufficient  refraction  in  the  underlying  layers  to  achieve  orthog¬ 
onality  at  F-layer  heights.  In  order  that  the  amount  of  refrac¬ 
tion  be  adequate,  frequencies  in  the  HF  range  have  to  be  used. 

The  geometrical  situation  for  the  Plum  Island  site  is  shown  in 


65 


Figures  1*  end  lb.  The  aspect  sensitivity  requirements  are 
directly  met  at  110  km,  whereas  the  lowest  propagation  angle 
achieved  at  F-layer  heights  is  100°  for  straight  line  propagation. 
Thus  the  refraction  in  the  underlying  layers  has  to  bend  the  ray 
by  at  least  10°  to  meet  the  orthogonality  criterion  at  a  height 
of  300  km.  The  interpretation  of  the  F-layer  echoes  should  thus 
be  viewed  in  this  context;  namely,  the  absence  of  echoes  need 
not  necessarily  mean  the  absence  of  irregularities  but  could  be 
dt,e  to  insufficient  refraction,  such  as  under  nighttime  conditions. 


2.  EQUIPMENT 

The  data  used  for  this  study  were  obtained  from  film  records 
of  a  19.39  MHz  sounder  located  at  Plum  Island,  Massachusetts 
(56°  invariant  latitude).  A  low  powered  1  kw  peak-power  radar 
was  used  with  a  pulse  length  of  1  millisecond  and  a  repetition 
frequency  of  10/sec.  The  pulses  were  transmitted  by  a  horizontal 
three-element  Yagi  antenna  placed  0.6A  above  ground  and  rotating 
at  the  rate  of  one  revolution  every  eight  minutes.  The  receiver 
band  width  was  1  kc.  The  resulting  data  were  recorded  on  com¬ 
pressed  time-scale  film  as  well  as  on  the  range  azimuth  (PPI) 
type  frames.  The  maximum  range  on  the  sweep  was  3750  km  taken 
in  750  km  steps.  Field  aligned  echoes,  both  FAE(E)  and  FAE(F), 
and  sporadic-E  and  F- layer  propagated  ground  scatter  signals 
were  read  from  the  film  and  recorded  on  graphs.  These  graphs 
also  recorded  the  azimuth  of  the  various  returns  and  their 
respective  delays. 


3.  DATA  REDUCTION 

For  the  purpose  of  this  report,  the  information  present  in 
the  graphs  referred  to  above  was  put  into  digital  form.  The 
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basic  procedure  was  to  record  on  punch  cards  the  duration  of  the 
FAE  and  average  delay,  correct  to  the  nearest  millisecond  for 
each  hour  of  the  day.  The  azimuth  of  these  echoes,  i.e.,  obtained 
from  either  the  NW  or  NE  quadrant,  was  also  recorded.  The 
quadrant  behavior,  however,  is  to  be  treated  with  caution  due  to 
the  broad  beamwidth  (about  45°)  of  the  antenna  used.  When  FAE's 
were  observed,  it  was  noted  from  the  graphs  whether  sporadic-E 
or  F-laycr  supported  groundscatter  was  simultaneously  present  in 
the  same  quadrant.  Results  were  recorded  on  the  cards.  The 
3-hour  magnetic  activity  index  Kpr  obtained  from  Fredericksburg, 
Virginia  or  Fort  Bclvoir,  Virginia  was  also  put  on  tfiese  cards. 

It  is  to  be  mentioned  tha"  Fredericksburg  is  a  few  dsgrees  to 
the  south  of  the  station  whereas  the  FAE's  are  obtained  from  the 
north.  However,  Fredericksburg  is  in  the  same  longitude  zone  as 
the  observing  site  and  this  is  considered  important  in  the 
separation  of  diurnal  and  magnetic  activity  dependence  of  FAE's. 
The  hours  in  which  there  was  equipment  failure  were  excluded 
from  the  analysis. 

The  punch  cards  were  first  sorted  by  range  to  distinguish 
between  FAE  (E)  and  FAF.(F).  It  was  found  -  and  range  scatter 
plots  will  also  show  this  -  that  echoes  which  were  obtained  with 
delays  less  than  six  milliseconds  (msec)  were  U-layer  echoes. 

Any  echoes  obtained  at  greater  ranges  are  presumed  to  be  either 
direct  F-layer  echoes  or  a  combination  of  multi-hop  propagation 
and  field  alignment.  Each  of  these  two  broad  categories  are 
then  subdivided  according  to  the  Kpr  index.  A  range  of  Kpr  from 
0-3  is  considered  to  represent  average  quiet  conditions,  whereas 
Kpr  ranging  from  4-9  represents  disturbed  conditions.  Later 
sorting  on  the  basis  of  Kpr  alone  will  justify  this  grouping. 

The  data,  after  being  divided  into  the  four  categories 
mentioned  above,  were  sorted  to  yield  the  percentage  occurrence 
in  each  hour  for  a  particular  month.  This  is  an  actual  percentage 
of  occurrence  obtained  by  dividing  the  number  of  hours  the  FAE 
was  present  in  that  particular  hour  of  the  month  by  the  total 
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number  of  samples  available  for  the  saao  month.  Other  groups, 
such  as  that  working  at  Washington  State  University  (Keck  and 
llower,  1968)  have  used  a  definition  whereby  an  occurrence  of 
FaE  for  aore  than  .5  ainutes  in  an  hour  is  considered  to  be  an 
occurrence  for  the  whole  of  that  hour.  Thus  it  is  difficult 
to  coapare  occurrence  statistics  aaong  various  groups  of  workers. 


4.  DATA  PRESENTATION 

The  behavior  of  the  FAE's  observed  at  Plua  Island  throughout 
the  years  1961-65  is  presented  in  the  form  of  a  series  of 
histograms  showing  the  diurnal  vsriation  of  their  percentage 
occurrence.  We  shall  discuss  the  characteristics  of  each  type 
of  echo  separately. 

4.1  Occurrence  of  FAE (El 

The  occurrence  of  FAE (E)  cor  the  five  years  of  observation 
is  shown  in  Figures  2  through  7.  Each  diagram  represents  12 
months  .of  data.  The  first  half  of  each  hour  represents  per¬ 
centage  occurrence  of  echoes  obtained  from  the  NW  quadrant  in 
that  entire  hour,  whereas  the  second  half  represents  the  echoes 
from  the  NE  quadrant  for  that  same  hour.  The  shading  within 
the  occurrence  blocks  shows  the  fraction  of  time  for  which 
sporadic-E  supported  groundscatter  was  simultaneously  present. 
Figures  2  through  6  represent  individual  months  for  quiet 
conditions,  whereas  Figure  7  represents  average  disturbed  months 
over  the  five  years  of  observation,  the  samples  being  statisti¬ 
cally  insignificant  for  each  month  separately.  The  number  of 
samples  in  Figures  2  through  6  range  from  a  low  of  18  (when 
there  were  many  disturbed  periods)  to  a  maximum  or  31.  The 
month  of  December  1965  has  about  half  as  much  data  as  the  other 
months  ber ausc  the  observations  were  terminated  in  the  middle 
of  the  month.  Equipment  failure  occurred  very  rarely.  Figure  7, 
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even  though  an  average  over  S  years,  has  a  similar  number  of 
samples  in  each  block  except  for  a  few  daytime  blocks  when  there 
are  less  than  ten  samples. 

The  first  obvious  pattern  of  the  quiet  day  FAE(E)  is  its 
occurrence  in  the  evening,  nighttime,  and  early  morning  hours. 
There  is  virtually  no  daytime  FAE(E).  There  is  a  greater 
incidence  du  ing  the  solstices  than  during  the  equinoxes,  with 
the  summer  maximum  being  higher  than  that  in  the  winter.  The 
winter  months,  having  a  longer  period  of  darkness,  show  echo 
activity  more  uniformly  distributed  over  a  longer  period  of 
time  than  do  the  summer  months.  The  increased  occurrence 
during  the  solstice  period  is  usually  accompanied  by  increased 
sporadic-E  supported  propagation  occurring  simultaneously. 

This  leads  us  to  believe  that  there  is  a  high  degree  of  field- 
alignment  in  the  sporadic-E  patches  that  appear  to  the  north  of 
the  station  during  the  evening  hours  of  the  summer  and  winter 
months.  The  equinoctial  periods  are  characterized  by  little 
or  no  occurrence  at  all,  and  very  little  of  the  FAE(E)  that  is 
present  is  accompanied  by  the  sporadic-E  type  propagation  so 
common  in  the  summer.  Thus  there  is  a  distinct  seasonal 
dependence  as  well  as  diurnal  dependence  of  quiet  time  FAE(E). 
One  other  obvious  feature  in  these  diagrams  is  the  greater 
incidence  of  echo  activity  from  the  NW  as  compared  to  the  NE. 
This  asymmetry  becomes  self-explanatory  when  the  geometry  of 
the  station  as  shown  in  Figure  1  is  taken  into  consideration. 
Since  the  magnetic  pole  is  to  the  NW  of  the  station,  a  much 
greater  degree  of  field  alignment  is  possible  in  that  direction. 

Figure  7,  representing  the  average  monthly  behavior  of 
FAE(E)'s  over  the  five  years  of  observation  during  magnetically 
disturbed  conditions  (Kpr  4-9),  shows  many  features  which  are 
different  from  the  quiet  time  behavior.  A  uniformly  higher 
nighttime  percentage  occurrence  is  obtained  throughout  the  year, 
thus  obliterating  any  seasonal  differences.  In  addition,  much 
more  daytime  activity  is  evident  in  the  afternoon  hours.  The 
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sunner  and  winter  months,  even  though  they  have  greater  echo 
activity,  have  much  less  supporting  sporadic-E  propagation. 

This  suggests  that  periods  of  magnetic  activity  tend  to  inhibit 
the  formation  of  sporadic  E.  A  similar  E-W  asymmetry  is  some¬ 
what  reduced,  leading  us  to  believe  that  during  periods  of 
greater  magnetic  activity  the  irregularities  have  a  greater 
density  and  are  received  by  a  broad  beam  angle  antenna  at  all 
northern- azimuths. 

4.2  Occurrence  of  FAE(F) 

The  characteristics  of  the  field  aligned  F-layer  echoes 
are  discussed  in  this  section.  This  is  a  more  complex  phenom¬ 
enon  than  the  E-layer  backscatter  where  orthogonality  consider¬ 
ations  are  universally  met.  The  monthly  percentage  occurrence 
curves  are  presented  in  Figures  8  through  13  following  the  same 
general  procedure  as  for  the  FAE(E).  The  only  difference  is 
that  the  shading  in  this  case  represents  the  fraction  of  time 
for  which  the  FAE(F)  were  accompanied  by  F-layer  propagated 
groundscatter .  This  gives  us  an  idea  of  the  amount  of 
refraction  available  to  produce  orthogonality  at  F-layer 
heights.  The  most  obvious  feature  of  the  quiet  day  histograms 
(Figures  8-12)  is  the  sunset  peak  of  occurrence  of  these  echoes. 
The  peak  is  present  throughout  the  year,  but  the  equinoxes  show 
more  activity  than  the  solstices.  It  must  be  remembered  that 
there  is  a  great  deal  of  FAE(E)  during  the  solstices  which 
reduces  the  energy  reaching  F-layer  heights. 

A  closer  look  at  the  diagrams  shows  that  the  peak  echo 
activity  shifts  with  the  time  of  sunset  -  the  peak  occurs 
earlier  in  winter  and  much  later  in  summer,  a  fact  already 
pointed  out  by  Malik  and  Aarons  (1964).  The  supporting  ground¬ 
scatter  pattern  follows  the  echo  pattern,  and  it  is  the  gradual 
decrease  of  the  groundscatter  later  in  the  evening  that  is 
responsible  for  the  tapering  off  seen  in  the  echo  activity. 

This  will  be  more  clearly  seen  in  the  groundscatter  contour 
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diagrams  to  be  presented  in  a  later  report.  From  scintillation 
boundary  concepts  (Aarons  and  Allen,  1971),  we  know  that  the 
late  eveting  and  midnight  hours  are  precisely  those  during  which 
we  expect  an  increased  probability  of  finding  F-layer  field 
aligned  irregularities  at  the  latitudes  of  interest.  However, 
the  decay  in  underlying  ionization  at  these  hours  makes  it 
impossible  for  the  ray  to  achieve  orthogonality  at  the  higher 
heights  .• 

Some  daytime  backscatter  is  evident,  almost  all  of  it 
entirely  supported  by  groundscatter.  This  shows  that  during 
the  daytime  refraction  is  adequate,  but  the  absence  of  irreg¬ 
ularities  is  the  usual  limiting  factor.  It  is  interesting  to 
note  that  there  is  hardly  any  daytime  backscatter  activity 
during  the  summer  which  is  probably  due  io  the  high  incidence 
of  Es .  We  shall  see  later  that  most  of  the  daytime  FAE(F)  observed 
have  large  delay  times.  There  is  a  great  deal  of  year-to-year 
variability  in  the  occurrence  statistics  -  in  general  the 
higher  sunspot  years  showing  greater  activity. 

The  average  behavior  of  the  disturbed  day  FAE(F)  is  shown 
in  Figure  13.  As  in  Figure  7,  each  month  represents  the  mean 
over  five  years  of  observation.  There  is  an  increase  in  the 
daytime  backscatter  throughout  the  year  except  during  the 
summer  months.  There  is  also  a  shift  in  the  sunset  peak  towards 
earlier  hours  of  the  afternoon.  We  shall  further  discuss  the 
disturbed  day  features  later  in  the  report. 


5.  RANGE  DISTRIBUTION  OF  FAE. 
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represents  Feb-Apr;  summer,  May-July;  fall,  Aug-Oct;  and  winter, 
Nov-Jan.  The  ordinate  represents  the  total  number  of  hours  of 
backscatter  echo  obtained  with  delays  ranging  between  2  and 
2S  msec.  It  is  to  be  emphasized  that  these  are  not  percentage 
occurrence  curves,  but  each  seasonal  curve  shows  the  total 
number  of  hours  of  echo  obtained  in  a  particular  season  out  of 
a  possible  maximum  of  roughly  90  x  24  ■  2160  hours.  The  graphs 
are  not  shown  as  histograms  in  order  to  facilitate  the  super¬ 
position  of  data  obtained  during  the  five  consecutive  years. 

Each  seasonal  curve  clearly  shows  a  maximum  around  3-4  msec 
delay  and  again  around  7-9  msec  delay  with  a  distinct  minimum 
at  S  msec.  Thus  it  is  quite  reasonable  to  assume  that  the 
echoes  represented  by  delays  less  than  6  msec  are  FAE(E),  whereas 
the  echoes  obtained  at  delays  >  6  msec  originate  in  the  F  layer. 
The  range  corresponding  to  each  millisecond  is  150  km  for  free 
space  propagation.  Referring  to  Figure  la,  we  find  that  for  an 
E-layer  height  of  110  km,  delays  of  3-4  msec  correspond  to 
elevation  angles  of  6°-10°,  and  for  azimuths  centered  around 
magnetic  north,  these  delays  correspond  to  propagation  angles 
ranging  between  89°-91°.  A  direct  comparison  with  Figure  lb  is 
unjustified  for  the  F-layer  echoes,  as  considerable  refraction 
makes  the  ray  paths  deviate  greatly  from  idealized  straight 
line  paths  on  which  this  diagram  is  based.  In  addition,  there 
is  a  much  greater  variability  in  the  height  of  the  F  layer. 

The  long  range  field  aligned  echoes,  though  only  a  small 
fraction  of  the  regular  FAE(F),  show  certain  interesting 
features.  All  the  seasons  show  small  peaks  around  13-14  msec, 
another  close  to  18-19  msec,  and  a  very  small  one  near 
22-23  msec.  The  first  two  of  these  roughly  correspond  to  a 
2F1F.  mode  and  a  3F2E  mode  respectively,  in  terms  of  their 
observed  delay  as  shown  in  Figure  15.  It  should  be  noted  that 
for  the  2F1F.  mode  the  field  alignment  is  in  the  E  layer ,  whereas 
for  the  3F20  mode  the  field  alignment  is  in  the  F  layer.  Later 
diagrams  will  show  that  these  long  range  echoes  are  observed 
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only  in  the  daytime  when  there  is  sufficient  ionization  in  the 
E  layer  and  the  F  layer.  The  possibility  of  observing  such  modes 
of  propagation  has  been  demonstrated  by  Agy  (1971)  using  ray 
tracings  through  a  model  hi gh- latitude  ionosphere.  The  radar 
used  being  of  low  power,  these  modes  have  the  added  advantage 
of  a  minimum  number  of  traversals  through  the  absorbing  D  region. 

Figure'  16  through  18  show  similar  characteristics  for  the 
three  other  seasons.  Figure  16  which  represents  summer  conditions 
is  somewhat  different  in  as  much  as  no  long-range  echoes  are 
observed.  The  decrease  in  F-layer  activity  may  be  attributed  to 
two  causes:  (1)  the  summer  decrease  in  f0F2  which  decreases 
refraction  and  (2)  the  high  incidence  of  sporadic  E  which 
severely  decreases  the  energy  reaching  F-layer  heights.  Figure  18 
representing  winter  conditions  has  only  four  graphs  superposed 
on  it  since  winter  196S  was  not  complete,  observations  having 
been  stopped  in  the  middle  ot  December.  The  interesting  point 
to  note  on  this  graph  is  the  relatively  large  peak  at  22  msec 
which  is  probably  due  to  the  ground  supported  3F  mode  with  field 
alignment  in  the  F  layer  as  shown  in  Figure  15.  The  winter 
f0F2  being  the  highest  and  f0E  being  the  lowest  of  any  season 
in  the  year,  conditions  for  observing  such  a  mode  should  be 
most  favorable  in  the  winter. 

To  show  the  diurnal  variation  of  the  range  of  echoes  in 
any  given  year,  the  day  was  divided  into  3  different  time 
periods:  a  daytime  period  between  0600  and  1800  hours,  a  sunset 
and  pre-midnight  period  between  1800  and  2400  hours,  and 
finally  the  post-midnight  period  between  0000  and  0600  hours. 

The  resulting  graphs  for  the  years  1961  and  1964  are  shown  in 
Figures  19  and  20.  All  the  long-range  echoes  are  confined  to 
the  daytime  period,  the  evening  hours  show  both  E-layer  and 
F-layer  activity,  whereas  the  post -midni ght  period  shows  only 
E-layer  activity.  It  is  interesting  to  note  that  the  horizon 
for  an  altitude  of  300  km  is  represented  by  a  distance  of 
approximately  2000  km  which  corresponds  to  a  delay  of  13  msec. 
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As  such,  ill  the  activity  in  tha  evening  hours  can  be  explained 
in  teres  of  direct  reflections  from  the  E  and  F  layers,  and 
those  in  the  post-midnight  period  from  the  E  layer  alone.  The 
daytime  long-range  echoes  are,  however,  obtained  froa  distances 
far  beyond  the  northern  horizon  where  the  probability  of 
encountering  daytiae  irregularities  is  auch  enhanced.  The  year 
1964  (Figure  20)  shows  reduced  long  range  echo  activity  because 
of  the  reduced  solar  activity  being  indicated  by  the  very  low 
sunspot  nuabers  (Figure  28).  The  percentage  of  all  echoes 
obtained  with  a  particular  delay  are  shown  in  Figure  21  for  the 
years  1961  and  1964.  The  other  years,  with  sunspot  nuabers 
intermediate  to  those  of  these  two  years,  have  coaparable 
behavior.  In  order  to  get  an  idea  of  the  total  occurrence  of 
backscatter,  it  should  be  aentioned  that  baekscatter  occurred 
for  only  6%  of  the  tiae  throughout  1961,  and  of  all  the 
occurrence  noted,  only  5%  was  of  the  long  range  kind,  i.e.,  with 
delays  greater  than  13  asec. 


6.  AVERAGE  SEASONAL  BEHAVIOR  OF  FAE 

The  average  seasonal  behavior  of  FAE(E)  during  both  quiet 
and  disturbed  magnetic  periods  is  shown  in  Figure  22.  The 
quiet  periods  represent  approximately  400  hours  of  data  while 
the  disturbed  periods  range  from  25  to  100  hours  with  the 
majority  of  time-blocks  ranging  between  40-60  hours.  As  pointed 
out  earlier,  the  increased  occurrence  of  FAE(E)  during  magnetic 
storms  is  very  prominent  in  all  four  seasons.  In  addition  to 
the  increased  evening  and  nighttime  occurrence,  there  is  a  great 
deal  of  daytime  occurrence.  In  fact,  virtually  all  the  daytime 
occurrence  during  these  five  years  is  during  disturbed  periods. 
The  other  interesting  feature  is  the  decrease  of  simultaneous 
r.s-supported  propagation  that  accompanies  the  increase  of 
FAE(E)'s  during  storms.  This  suggests  that  magnetic  storms 
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inhibit  the  formation  of  Es  clouds.  However,  an  influx  of 
charged  particles  at  E-layer  heights  is  responsible  for  the 
enhanced  FAE(L)  (Paulikas,  1971). 

A  similar  diagram  for  FAE(F)  is  shown  in  Figure  23.  Here, 
too,  wc  find  the  same  obvious  increase  with  increased  magnetic 
activity,  except  during  the  summer  where  the  opposite  seems  to 
be  true.  T  c  summer  storms  at  these  latitudes  are  usually 
followed  by  a  large  depletion  of  the  F  layer  (Mendillo  et  al, 
1969),  and  this  reduced  ionization  seems  to  be  responsible  for 
the  decreased  FAE(F).  There  is  some  daytime  occurrence  of 
high  backscatter  even  during  quiet  days.  As  a  matter  of  fact, 
all  the  long-range  backscatter  (>  13  msec)  shown  in  Figures  14, 
17,  and  18  were  obtained  during  quiet  periods.  There  is  an 
increase  of  daytime  backscatter  during  disturbed  periods  but 
they  arc  all  of  the  direct-F  kind.  It  seems  that  during  any 
magnetic  storm  situation  there  is  some  depletion  of  the  bottom- 
side  F  layer  as  well  as  increased  absorption  which  is  adequate 
to  block  out  the  long-range  echoes. 


7.  FAE  AS  A  FUNCTION  OF  MAGNETIC  ACTIVITY 

We  have  seen  that  generally  both  FAE(E)  and  FAE(F)  increase 
with  magnetic  activity.  So  far,  however,  we  have  considered  two 
ranges  of  activity  only.  To  study  in  detail  the  dependence  of 
backscatter  on  the  level  of  magnetic  activity,  the  FAE  data 
was  sorted  according  to  the  Kpr  index.  The  result  for  the  case 
of  E-laycr  irregularities  is  shown  in  Figure  24a,  in  which  the 
percentage  occurrence  of  echoes  is  plotted  as  a  function  of 
Kpr.  The  data  represents  the  entire  five  year  period  under 
consideration,  and  the  number  of  hours  of  observation  belonging 
to  each  K  interval  arc  indicated  on  the  diagram.  As  before, 
the  first  half  of  each  K  interval  represents  returns  coming  from 
the  NW,  and  the  second  half  from  the  NE.  The  sample  size  becomes 
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rather  snail  for  K  indices  ranting  7-9.  It  ia  very  obvious  fron 
this  graph  that  the  E-layer  backscatter  is  a  very  sensitive 
function  of  the  K  index.  Between  K  indices  of  0-3  there  is  the 
usual  F.-M  asymmetry  in  the  incidence  of  echoes,  but  the  percentage 
occurrence  reaainr  snail.  Beyond  KFr  i  4»  the  percentage 
occurrence  increases  with  each  integral  increase  of  K.  It 
finally  levels  off  for  Kpr  >  6,  and  the  degree  of  asymnetry 
levels  off  also,  because  irregularities  appear  at  all  northern 
azimuths  during  severe  magnetic  storms.  Figures  24b  and  24c 
show  the  sane  data  when  separated  into  daytime  (0600-1800)  and 
nighttime  (1800-0600)  hours.  Figure  24b  shows  the  total  lack 
of  FAE(E)  during  the  daytime  for  K  range  0-3,  and  a  pronounced 
increase  beyond  that  range.  The  nighttime  hours  show  a  gradual 
increase  for  the  low  indices  with  the  same  prominent  increase 
for  the  high  ones. 

Similar  diagrams  for  the  F-layer  backscatter  are  shown  in 
Figures  2Sa-c.  The  total  occurrence  characteristics  are  greatly 
reduced  -  note  the  magnified  occurrence  scale.  However  it  is 
interesting  to  note  the  monotonic  increase  of  occurrence  with 
K  index  up  to  a  value  of  K-4,  beyond  which  the  occurrence  tapers 
off  becoming  zero  for  K  >  7.  Now,  from  scintillation  studies 
(Aarons  et  al ,  1963),  it  is  a  well  known  fact  that  the  incidence 
of  irregularities  increases  with  Kpr.  Thus  the  decrease  in  the 
FAE(F)  is  to  be  attributed  to  the  depletion  in  the  underlying 
ionization  during  severe  magnetic  storms.  The  daytime  situation 
alone  (Figure  25b)  represents  the  24  hour  picture,  as  the 
nighttime  occurrence  (Figure  25c)  is  insignificant.  We  have 
seen  earlier  (Figures  19  and  20)  that  all  of  this  low  nighttime 
occurrence  takes  place  in  the  pre-midnight  hours.  The  shading 
within  the  histograms,  which  represents  supporting  F-layer 
propagated  groundscat ter  echoes,  shows  a  behavior  similar  to 
that  of  the  field  aligned  echoes,  i.e.,  increasing  in  proportion 
to  the  increased  echo  occurrence  and  then  tapering  off  during 
severe  storms. 
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8.  SOLAR  CYCLE  DEPENDENCE  OF  FAE 


To  study  the  solar  cycle  dependence  of  the  field  aligned 
echoes,  if  any,  percentage  occurrence  contours  of  both  E-layer 
and  F-layer  echoes  were  drawn  for  the  entire  five  year  period 
of  observation.  The  data  base  was  restricted  to  quiet  magnetic 
conditions,  and  the  occurrence  statistics  in  the  NW  quadrant 
were  used  for  drawing  the  contours. 

The  FAE(E)  contours  are  shown  in  Figure  26.  The  yearly 
summer  maximum  during  the  evening  and  nighttime  hours  is  the 
most  distinctive  feature.  There  is  a  much  weaker  but  quite 
definite  secondary  winter  maximum.  No  definite  solar  cycle 
dependence  is  discernible  from  the  contours.  A  reference  to 
Fig  ures  19  and  20  shows  that  there  were  more  hours  of  FAE(E)  in 
1961  than  in  1964.  However,  it  is  difficult  to  come  to  a 
definite  conclusion  with  the  limited  solar  cycle  coverage 
available . 

The  FAE(F)  contours  (Figure  27),  show  a, positive  dependence 
on  the  solar  cycle.  There  is  a  gradual  decrease  in  the  incidence 
of  echoes  from  1961  to  1964,  and  then  an  upward  trend  is  observed 
in  1965.  The  rough  sinusoidal  pattern  of  echo  occurrence  is 
evident  as  it  follows  the  time  of  sunset  throughout  the  seasons, 
the  echo  onset  being  much  earlier  in  winter  than  in  summer.  The 
mean  monthly  Zurich  sunspot  numbers  for  the  period  1961-65  are 
shown  in  Figure  28.  Th augh  a  general  trend  is  clearly  visible, 
there  is  much  month-to-month  variability  indicating  that  this 
kind  of  variability  should  be  expected  in  the  FAE  data  also. 

9.  SUMMARY  AND  CONCLUSIONS 

This  detailed  study  of  field  aligned  irregularities  in  the 
E  and  F  layers  of  the  ionosphere  has  yielded  valuable  information 
regarding  the  diurnal,  seasonal,  and  geomagnetic  control  of  the 
occurrence  statistics.  The  important  characteristics  of  each 
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type  of  echo  will  be  summarized  below. 


9.1  FAE(E) 

1.  PAE(E)  mostly  occur  at  delays  of  3-4  msec  and  are  more 
numerous  in  the  NW  quadrant  which  contains  the  magnetic 
pole . 

2.  During  quiet  magnetic  conditions  (Kpr  0-3),  FAE(E)  are 
confined  to  the  late  evening  and  nighttime  hours. 

3.  FAE(E)  shows  a  very  definite  maximum  during  the  summer 
months.  A  weaker  maximum  is  observed  in  the  winter. 
However,  the  diurnal  variation  mentioned  in  (2)  is 
always  observed  irrespective  of  season.  The  summer 
FAE(E)  is  mostly  accompanied  by  simultaneous  ground- 
scattered  Es  echoes. 

4.  Geomagnetic  actiyity  increases  the  occurrence  of  FAE(E). 
A  great  deal  of  laytime  activity  as  well  as  increased 
nighttime  activity  is  seen.  No  seasonal  control  is 
evident.  A  marked  decrease  of  simultaneous  ground- 
scattered  Es  echoes  is  observed. 

5.  There  is  no  clearly  defined  solar-cycle  dependence 
of  FAE(E)  observed  in  the  data. 

9.2  FAE(F) 

1.  This  type  of  echo  is  obtained  only  when  sufficient 
underlying  ionization  makes  it  possible  for  the  ray 
to  achieve  orthogonality  with  the  geomagnetic  field 
at  F-layer  heights.  FAE(F)  are  mostly  observed  at 
delays  of  7-9  msec  and,  like  the  FAE(E),  occur  mostly 
in  the  NW. 

2.  During  quiet  magnetic  conditions  FAE(F)  are  confined 
primarily  to  the  sunset  hours.  Some  daytime  activity 

is  observed  with  delay  times  ranging  between  15-25  msec. 
These  long-range  echoes  can  be  explained  in  terms  of 
multi-hop  propagation  and  field  alignment. 
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3.  The  equinoxes  show  more  activity  than  the  solstices  - 
this  can  be  explained  in  part  by  the  greater  FAE(E) 
activity  seen  during  the  summer  and  winter,  which 
decreases  the  amount  of  energy  reaching  the  F  layer. 
The  time,  of  the  sunset  peak  naturally  varies  from 
season  to  season.  The  FAO(F)  is  generally  accompanied 
by  F-laycr  supported  grounds catter  echoes. 

4.  The  dependence  of  FAE(F)  on  geomagnetic  activity  is 
very  interesting,  A  monotonic  increase  of  the  daytime 
FAE(F)  with  Kpr  is  observed  until  a  threshold  value 

is  reached  (Kpr=4)  ,  beyond  which  the  depletion  of 
F-laycr  background  ionization  causes  it  to  decrease. 
Complete  cut-off  is  attained  under  severely  disturbed 
conditions  (Kpr>7) . 

5.  The  incidence  of  FAE(F)  shows  a  positive  correlation 
with  the  solar  cycle. 


10.  FUTURE  WORK 

In  the  next  report  the  occurrence  characteristics  of  Es- 
layer  and  F-layer  supported  grounds  cat tered  echoes  will  be 
presented.  In  addition,  fEs  and  fQF2  of  relcvent  ionospheric 
stations  will  be  studied  in  an  effort  to  explain  the  observed 
characteristics  of  field  aligned  echoes  as  well  as  ground- 
scattered  echoes.  It  is  hoped  that  the  FAE(E)  can  be  explained 
in  terms  of  both  the  occurrence  statistics  of  Es  and  the 
cquatorward  movement  of  the  auroral  oval  in  times  of  magnetic 
disturbances.  On  the  other  hand,  the  diurnal  pattern  of  the 
scintillation  boundary  under  quiet  and  disturbed  conditions, 
and  the  change  in  F-laycr  ionization  as  a  function  of  time, 
latitude,  season,  and  magnetic  conditions,  will  be  used  to 
explain  qualitatively  the  observed  incidence  of  FAE(F). 
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FIG.  la  PROPAGATION  ANGLE  CONTOURS  FOR 
PLUM  ISLAND  MA  AT  110km  HEIGHT. 
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FIG.  lb  PROPAGATION  ANGLE  CONTOURS  FOR  PLUM  ISLAND  MA  AT  300km  HEIGHT. 
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FIG.  2  BACKSCATTER  FROM  FIELD  ALIGNED  IRREGULARITIES  AT  E-LAYER  HEIGHTS 
FOR  Kcr  0-3  DURING  1961 
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FIG.  3  BACKSCATTER  FROM  FIELD  ALIGNED  IRREGULARITIES  AT  E-LAYER  HEIGHTS 
FOR  Kpr  0-3  DURING  1962 
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FIG.  4  BAGKSCATTER  FROM  FIELD  ALIGNED  IRREGULARITIES  AT  E-LAYER  HEIGHTS 
FOR  Kpr  0-3  DURING  1963 
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FIG  6  BACKSCATTER  FROM  FIELD  ALIGNED  IRREGULARITIES  AT  E-LAYER  HEIGHTS 
FOR  Kf>  0-3  DURING  1965 
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FIC.  7  AVERAGE  E- LAYER  BACKSCATTER  FOR  EACH  MONTH  FOR  Kpr  4-9  DURING  1961  -  1965 
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FIG  e  BAGKSCATTER  FROM  FIELD  ALIGNED  IRREGULARITIES  AT  F-LAYER  HEIGHTS 
FOR  Kpr  0-3  DURING  1961 
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FIG.  !0  BACKSCATTER  FROM  FIELD  ALIGNED  IRREGULARITIES  AT  F-LAYER  HEIGHTS 
FO?  Kpr  0-3  DURING  1963 
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FIG.  13  AVERAGE  F-LAYER  BACKSCATTER  FOR  EACH  MONTH  FOR  Kjrf  4-9  DURING  1961-1965 
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FIG.  14.  RANGE  DISTRIBUTION  OF  FAE's  DURING  THE  SPRING  SEASON,  1961-1965 
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FIG.  15.  POSSIBLE  MULTI-HOP  PROPAGATION  MODES  AND  DIRECT  SCATTER  FROM 
FIELD  ALIGNED  IRREGULARITIES  IN  THE  E  AND  FLAYERS 
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FIG.  17.  RANGE  DISTRIBUTION  OF  FAE  s  DURING  THE  FALL  SEASON,  1961-1965 
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FIG.  19.  DIURNAL  PATTERN  OF  THE  RANGE  DISTRIBUTION  OF  FAE's  FOR  1961 
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FIG.  20.  DIURNAL  PATTERN  OF  THE  RANGE  DISTRIBUTION  OF  FAE's  FOR  1964 
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FIG.  21.  PERCENTAGE  RANGE  DISTRIBUTION  OF  ALL  FAE  OCCURRENCE  FOR  1961  a  1964 
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FIG.  22  AVERAGE  SEASONAL  BEHAVIOR  OF  FAE  (E)  DURING 
MAGNETICALLY  QUIET  AND  DISTURBED  PERIODS, 
1961-1965 
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FIG.  23  AVERAGE  SEASONAL  BEHAVIOR  OF  FAE  (F)  DURING 
MAGNETICALLY  QUIET  AND  DISTURBED  PERIODS 
1961-1965 
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FIG.  25a  FAE  (F)  AS  A  FUNCTION  OF  MAGNETIC  INDEX 
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FIG.  25b  8  25c.  FAE(F)  AS  A  FUNCTION  OF  MAGNETIC  INDEX 
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